Human cytomegalovirus (HCMV) encodes one conventional protein kinase, UL97. 34
INTRODUCTION

56
Efforts to establish a definitive role for a given viral protein can be confounded 57 when the protein acts at multiple stages of the infectious cycle. The only conventional 58 protein kinase encoded by human cytomegalovirus (HCMV), UL97, represents an 59 example of this challenge, particularly because it is a protein kinase. Phosphorylation is 60 a crucial post-translational modification influencing myriad processes in eukaryotic cells. 61
Further complicating matters, only a subset of phosphorylation events mediated by a 62 viral protein kinase are likely to be important for viral replication, and evidence of such 63 relevance is often defined by downstream effects far removed from the initial 64 conjugation of a phosphate group to an amino acid side chain. Thus, identification of 65 physiologically important substrates is hardly trivial. 66
Studies of UL97 mutants and UL97 inhibitors have shown that UL97 is important 67
for viral replication (1-3) and have led investigators to implicate this viral protein kinase 68 in numerous stages of the infectious cycle, including viral DNA synthesis, encapsidation 69 of viral DNA, egress of nucleocapsids from the nucleus (nuclear egress), and late 70 events in assembly and morphogenesis (3-9). Although purified UL97 is sufficient to 71 phosphorylate certain proteins in vitro (6, 10-13), and UL97 is necessary for wild type 72 patterns of phosphorylation of several proteins in infected cells (6, 8, 10, (12) (13) (14) (15) , both 73 sufficiency and necessity have been demonstrated for only a few substrates (6, 9, 12, 74 13, 15) . To our knowledge, of these, only the nuclear lamina component, lamin A/C, and 75 the retinoblastoma tumor suppressor protein (pRb) have been shown to be 76 phosphorylated in a UL97-dependent manner on the same sites in vitro and in infected 77 cells (6, 15) , which is necessary, but still insufficient evidence for these proteins being 78 physiological substrates of UL97 (14) . In the case of pRb, the sites phosphorylated are Technologies) (complete medium). For serum starvation experiments, cells were 126 seeded in complete medium, allowed to attach for at least 2 h (see below for times), 127
washed twice in Dulbecco's phosphate buffered saline without magnesium or calcium 128 (DPBS, Cellgro) or in DMEM containing 0.1% FBS and 20 µg/mL gentamicin (0.1% 129 FBS-DMEM), and maintained in 0.1% FBS-DMEM for 72 h prior to and during infection. 130
For dividing conditions, cells were seeded in complete medium, and allowed to attach 131 for at least 4 h prior to infection (see below for times), infected in 0.1% FBS-DMEM for 2 132 h, after which inocula were removed, cells were rinsed with DPBS, and medium was 133 replaced with 5% FBS-DMEM. Hs27-19K cells were obtained from Hs27 HFF cells 134 following retroviral transduction using a previously described vector, pLXSN-E1B19K, 135 expressing the adenovirus 5 E1B-19K protein (28), a generous gift of Wolfram Brune 136 (University of Hamburg) and Igor Jurak (Harvard Medical School). Hs27-19K cells were 137 used to cultivate ∆97-E7 viruses, as these cells produce higher yields of this virus 138 (Kamil, JP, unpublished observation) . AD169rv and its derivative viruses, ∆97 and ∆97-139 E7, have been previously described (7, 15, 29) . All HCMV infection experiments were 140 performed at an MOI of 1 PFU/cell, except for the immunofluorescence experiments, 141 which were performed at an MOI of 3 PFU/cell. 142 Western blotting. Western blotting was performed as previously described (7, 8) . 143
Briefly, MRC-5 cells were seeded at 3.5 x 10 5 cells per well in 6-well cluster plates 144 (Falcon) and allowed to attach for 4 h in complete medium. Cells were then were rinsed 145 infected with WT, ∆97, or ∆97-E7 viruses in duplicate at an MOI of 1 for 2 h. Inocula 215 paraformaldehyde/2.5% glutaraldehyde/0.03% picric acid in 0.1 M sodium cacodylate 218 buffer (pH 7.4). Cells were then washed in 0.1M cacodylate buffer, post-fixed in 1% 219 osmium tetroxide/1.5% potassium ferrocyanide for 1 h, washed three times in 220 water,incubated in 1% aqueous uranyl acetate for 1 h, washed twice in water, and 221 subsequently dehydrated in grades of ethanol 70% and 95% (10 min each), and 100% 222 (twice, 10 min per wash). Cells were removed from the dish in propylene oxide, 223 pelleted, and incubated overnight in a 1:1 mixture of propylene oxide and TAAB Epon 224 (Marivac Canada). The following day, the samples were embedded in TAAB Epon and 225 polymerized at 60˚C for 48 h. Ultra-thin sections (about 60 nm) were cut on a Reichert 226 Ultracut S Microtome, picked up onto copper grids stained with lead citrate, and 227 examined with a TecnaiG² Spirit BioTWIN. Images were recorded with an AMT 2k CCD 228 camera. For each of the nine conditions, ten to eleven sections that each contained a 229 whole cell were randomly selected and fully photographed in parts with no overlap at a 230 magnification of 11,000x. Viral particles in the nucleus, perinuclear space, cytoplasm, 231 or outside the cell (extracellular) were counted using the Adobe Photoshop CS4 Count 232
Tool. Statistical tests were performed using GraphPad Prism Version 5.0d software. 233
For cellular location (nuclear, perinuclear, cytoplasmic, or extracellular), capsid counts 234 for the three viruses (n = 10-11 cells) were analyzed by a Kruskal-Wallis test followed by 235
Dunn's tests to compare each mutant to WT virus while correcting for multiple 236 comparisons. 237
RESULTS
240
A heterologous pRb inactivator complements loss of UL97 in both dermal and 241 lung fibroblasts. We previously found that a heterologous pRb inactivating protein, 242 HPV 16 E7, could substantially reverse the >100-fold replication defect of a UL97-null 243 HCMV deletion mutant (∆97) in quiescent, serum-starved human foreskin fibroblasts 244 (HFFs), but had little or no effect on the smaller replication defect in serum-fed, 245 asynchronously dividing HFFs (8). Since inhibitors of UL97 kinase activity have been 246
reported to show different effects on HCMV replication depending on whether assays 247 are performed in lung or dermal fibroblasts (32), we sought to assess the ability of E7 to 248 complement ∆97 replication defects in serum-starved or dividing lung fibroblasts. Under 249 serum-starved conditions, we found that ∆97 exhibited 100-to 200-fold replication 250 defects in MRC-5 lung fibroblasts relative to wild type (WT) AD169rv (two independent 251 experiments shown in Fig. 1 ). These defects are similar to what we previously 252 observed in serum-starved HFFs (8). However, we found that the severity of the 253 replication defect in serum-starved HFFs depended on the serum lot (JPK and DMC, 254 not shown). In an experiment performed in parallel with the one in Fig. 1A , we found 255 less pronounced defects of ∆97 in serum-starved HFFs (~60-fold; Figure S1A at 256 https://coen.med.harvard.edu), which is consistent with a report indicating a greater 257 effect of a UL97 inhibitor on HCMV replication in lung embryo fibroblasts, such as MRC-258 5, than in dermal fibroblasts, such as HFFs (32). As was the case in HFFs ( (8) ∆97 exhibited a smaller defect in virus production relative to WT than in serum-starved 265 cells, and expression of E7 did not complement the loss of UL97 more than ~2-fold, if at 266 all (Fig. 1) . From these experiments, we conclude that the pattern of ∆97 replication 267 defects and complementation by E7-expressing virus, in serum-starved cells versus 268 serum-fed, dividing cell conditions, were similar in MRC-5 lung fibroblasts and HFFs. 269
Notably, for both dividing and serum-starved MRC-5, as was true for HFFs ( (8) and Fig.  270 S1), a residual defect in virus production was not reversed by expression of E7 (Fig. 1) . 271
272
Lamin A/C phosphorylation correlates with UL97 expression. We asked whether at 273 least part of the remaining defect in virus production by the E7-expressing virus was 274 due to a defect in nuclear egress. An important step in nuclear egress is disruption of 275 the nuclear lamina, which, during HCMV infection, requires UL97 (6, 9, 21). In 276 particular, UL97 is required for WT levels of phosphorylation of the nuclear lamina 277 component lamin A/C on serine 22 (Ser22) (6). In dividing, uninfected cells, this residue 278 is crucial for lamina dissolution following CDK1/cyclin B phosphorylation during mitosis 279 (6, 20). Ser22 can be phosphorylated by purified UL97 in vitro (6, 20) , suggesting that 280 UL97 directly phosphorylates it during infection to mediate disruption of the nuclear 281 lamina. However, an alternative hypothesis is that UL97-dependent Ser22 282 phosphorylation during infection is due to UL97 phosphorylation of pRb, which induces 283 the expression of CDK1 (22-24). To address these hypotheses, we analyzed mock-284 were serum-starved for 72 h prior to infection to decrease levels of CDK activity and 288 thus levels of phosphorylated Ser22. Indeed, mock-infected MRC-5 cells showed low 289 levels of Ser22 phosphorylation (Fig. 2A) . Upon infection with WT HCMV, no increase 290 in phosphorylation of Ser22 was detected at 3 h post-infection (hpi), but a marked 291 increase was observed by 6 hpi with further increases through 72 hpi when the 292 experiment was terminated ( Fig. 2A) . Similarly, UL97 expression was not detected at 3 293 hpi, but was detected by 6 hpi, and increased through the end of the experiment. Thus, 294
UL97 expression correlated with increases in phosphorylation of Ser22. Levels of lamin 295
A/C were consistent throughout the experiment ( Fig. 2A) . In cells infected with either 296 ∆97 or ∆97-E7, meaningful increases in Ser22 phosphoryation were not observed until 297 48 hpi, more than 40 h later than in WT-infected cells ( Fig. 2A) . Starting at 48 hpi, we 298 detected UL97-independent phosphorylation of lamin A/C, but even at these times, WT-299 infected cells displayed higher levels of lamin A/C Ser22 phosphorylation than UL97-null 300 viruses. Comparing a dilution series of lysates prepared at 12 hpi, there was at least 4-301 fold more Ser22-phosphorylated lamin A/C in WT-infected cells than in Δ97-infected 302 cells (Fig. 2B ). This result confirms and extends our previous findings, in which iTraq TM 303 quantitative mass spectrometry found 2-to 4-fold higher levels of Ser22 phosphorylation 304 in lamin A/C isolated from WT-infected cells than from UL97 mutant-infected cells at 72 305 hpi (6). The quantitative differences between our present and previous results likely 306 reflect UL97-independent induction of Ser22 phosphorylation at late times. 307
As noted above, Δ97-E7 infection did not appear to increase phosphorylation of 308 lamin A/C at Ser22 above that seen in Δ97-infected cells (Fig. 2A) . However, as 309 expected, Δ97-E7 infection resulted in a dramatic reduction in pRb levels, as monitored 310 using an antibody to pRb (pRb (total)), compared to those in ∆97 or WT-infected cells 311 on October 20, 2017 by guest http://jvi.asm.org/ Downloaded from ( Fig. 2A) . Importantly, as previously observed (8, 15, 16) , in WT-infected cells there was 312 a substantial increase in levels of phosphorylated pRb ( Fig. 2A) relative to mock 313 infected cells, ∆97-infected cells and Δ97-E7-infected cells, here monitored using an 314 antibody specific for pRb dually phosphorylated at Ser807 and Ser811 (pRb Ser 807/811 -315 P). Moreover, the time course of phosphorylation of pRb, which is an established 316 substrate of UL97 (15, 16), in WT-infected cells correlated with that of lamin A/C, 317 consistent with both these proteins being direct substrates of UL97 ( Fig. 2A) . Also, there 318 was substantially higher expression of the late viral proteins pp150 and pp28 in cells 319 infected with WT or Δ97-E7 than in cells infected with Δ97 ( Fig. 2A) , consistent with the 320 DNA synthesis phenotypes of these viruses ( (8) 
E7.
We have previously found that phosphorylation of lamin A/C on Ser22 is associated 328 with disruption of the nuclear lamina in HCMV-infected cells, and that both depend on 329 UL97 (6). However, that did not demonstrate that phosphorylation on Ser22 is 330 necessary and sufficient for disruption of nuclear lamina in HCMV-infected cells or that 331 inactivation of pRb by UL97 might suffice for that disruption. Therefore, we investigated 332 whether heterologous pRb inactivation by HPV 16 E7 can replace UL97 for this 333 disruption. To this end, we mock-infected or infected quiescent or dividing MRC-5 cells 334 with WT, Δ97, or Δ97-E7 virus. At 96 hpi, we stained the cells with anti-lamin A/C 335 on October 20, 2017 by guest http://jvi.asm.org/ Downloaded from antibodies and analyzed the stained cells using spinning disk confocal microscopy. To 336 confirm infection and highlight the nuclei, we co-stained with antibody against UL44, a 337 viral DNA polymerase subunit that localizes to the periphery of viral replication 338 compartments (the sites of viral DNA synthesis) within the nucleus (6, 33, 34). As a 339 control, we also analyzed infections of dividing HFFs, to compare our results with those 340 in our previous study (9). For this experiment and the electron microscopy (EM) 341 experiment below, we present our data with HFF cells, which confirm our earlier findings 342 (6, 9), in the form of supplemental figures (Fig. S3 and Fig. S4 Fig. 3A and E) . In strong contrast, as seen previously and concurrently with 348 HFF cells ((6) and Fig. S3 ), WT-infected MRC-5 cells exhibited deformed and less 349 uniform patterns of lamin A/C staining, with areas of thinning and visible gaps in roughly 350 a quarter to a third of the cells (Fig. 3B and F and Fig. 4) . In cells infected with either 351 ∆97 or ∆97-E7, lamin A/C staining was more akin to that in mock-infected cells, being 352 less deformed and more uniform (Fig. 3C, D 
, G, and H). We examined numerous cells 353
for each infection condition and found that gaps were 3-to 9-fold less frequent in cells 354 infected with either ∆97 or ∆97-E7 than in cells infected with WT, and these differences 355 were statistically significant (Fig. 4) . 356
In most WT-infected cells, anti-UL44 antibody stained the periphery of large 357 replication compartments (Fig. 3B and F) , consistent with efficient viral DNA synthesis. (Table S1  364 at https://coen.med.harvard.edu). 365
From these experiments we conclude that expression of a pRb-inactivating 366 protein does not complement a UL97-null mutant for disruptions of the nuclear lamina. 367
368
Expression of HPV 16 E7 fails to rescue the nuclear egress defect of UL97-null 369 HCMV. To directly assess whether E7 expression can restore efficient nuclear egress 370 to a UL97-null mutant, we conducted transmission electron microscopy (EM) analysis of 371 serum-fed, dividing versus serum-starved, quiescent MRC-5 cells infected with WT, 372 ∆97, or ∆97-E7 virus (examples of images in Fig. 5 ). We also included infections in 373 dividing HFFs since we had previously done EM analyses of nuclear egress using those 374 conditions (9). We randomly selected sections in which we could visualize cells "in their 375 entirety," meaning that each section included nucleus and cytoplasm, and analyzed 10-376 11 of these whole cell sections for each virus-cell condition. In each whole cell section, 377 virus particles were scored as being in the nucleus (Fig. 5A-C) , perinuclear space (seen 378 only occasionally, Fig. 5G and H) , cytoplasm ( Fig. 5D-F) , or outside the cell (Fig. 5I) , 379 and counted (Fig. 6 for MRC-5 results, and Fig. S4 for HFF results at 380 https://coen.med.harvard.edu). 381
Under all conditions, WT, ∆97, and ∆97-E7 infections showed roughly similar 382 levels of nucleocapsids in the nucleus (Fig. 5A-C) , i.e., ~80 to ~160 nucleocapsids per 383 whole cell section on average (Fig. 6 and Fig. S4 ). Viral particles were found in the 384 cytoplasm and outside of nearly all WT-infected cells examined (Fig. 6 and Fig. S4 ). In 385 on October 20, 2017 by guest http://jvi.asm.org/ Downloaded from contrast, no cytoplasmic or extracellular particles were found in most cells infected with 386 ∆97 or ∆97-E7 (Fig. 6 and Fig. S4) . Moreover, the mean numbers of particles found in 387 the cytoplasm of mutant-infected cells were significantly reduced relative to those in 388 WT-infected cells in both serum-starved (6-fold for ∆97 and 30-fold for ∆97-E7) and 389 dividing cells (30-fold for ∆97 and 90-fold for ∆97-E7) (Fig. 6) , as observed for dividing 390 HFF cells previously (9) and concurrently (Fig. S4) . Additionally, the numbers of 391 particles found outside serum-starved MRC-5 cells infected with both mutant viruses 392 were significantly lower than those infected with WT (4-fold for ∆97 and >60-fold for 393 ∆97-E7) (Fig. 6 ). Significant reductions in extracellular particles were also observed in 394 dividing HFF cells infected by the mutant viruses (Fig. S4 ). There were few, if any, 395 meaningful differences in the numbers of cytoplasmic and extracellular particles 396 following infection with Δ97 or Δ97-E7 in either serum-starved or dividing MRC-5 cells 397 (Fig. 6 ). If anything, there were more such particles in cells infected with ∆97 than in 398 cells infected with ∆97-E7. Therefore, expression of a heterologous pRb inactivator, 399 HPV 16 E7, failed to rescue nuclear egress during UL97-null mutant infection of either 400 serum-starved, quiescent or serum-fed dividing MRC-5 cells. 401
DISCUSSION 404
Phosphorylation is a crucial post-translational modification in eukaryotes, 405 affecting a wide and varied array of processes. It is, therefore, not surprising that 406 HCMV mutants that are null for the virus' sole conventional protein kinase, UL97, show 407 defects in multiple processes during infection (3-6, 8, 9, 15, 16, 35) . We sought to 408 address whether two of these processes --DNA synthesis and nuclear egress --involve 409 distinct UL97 protein kinase substrates. In particular, we asked whether 410 phosphorylation and inactivation of pRb by UL97, which is important for viral DNA 411
synthesis (8), is also important for nuclear egress. This question arose because 412 inactivation of pRb is known to induce CDK1, which ordinarily phosphorylates lamin A/C 413 on Ser22 to promote disassembly of the nuclear lamina during mitosis. Phosphorylation 414 of lamin A/C and disruption of the nuclear lamina also occur during herpesvirus nuclear 415 egress. Although we had previously shown UL97-dependent phosphorylation of lamin 416 A/C on Ser22 both in vitro and during infection (6), the role of UL97 in nuclear egress 417 might merely represent an indirect effect of pRb inactivation by UL97. However, in this 418 study, we found that the kinetics of lamin A/C Ser22 phosphorylation during WT HCMV 419 infection correlate with UL97 expression, consistent with a direct role of UL97, and are 420 severely delayed in UL97 mutants, even in mutant Δ97-E7, which expresses the pRb-421 inactivating protein, HPV 16 E7. Similarly, disruptions of the nuclear lamina that occur 422 during WT infection and nuclear egress are markedly reduced in UL97 mutants, even in 423 mutant Δ97-E7. Thus, a major block in the replication of the E7-expressing UL97-null 424 mutant is nuclear egress. 
egress. 451
Our results, combined with previous work (2, 3, 8, 9) , indicate that UL97 is 452 required for efficient viral DNA synthesis in quiescent cells and for efficient nuclear 453 egress in both quiescent and dividing cells. These two stages are crucial for production 454 of infectious HCMV. Do the effects of UL97 mutations on DNA synthesis and nuclear 455 egress account for the effects of these mutations on yield of infectious virus? Before 456 addressing this question, we note that in most whole cell sections infected with mutant 457 viruses, we found no cytoplasmic or extracellular particles, so that average values for 458 nuclear egress defects reflect particles counted from very few cells. Additionally, we 459 observed considerable variability in counts of these particles from one whole cell section 460 to another, which might indicate that UL97 mutations could have greater effects on 461 nuclear egress in some cells and smaller effects in others. 462 Nevertheless, with these caveats in mind, we have previously found that, on 463 average, the nuclear egress defect of Δ97 appears to largely account for the defect in 464 virus yield in dividing HFF cells (9), and we have confirmed this result here. In dividing 465
MRC-5 cells, we found that Δ97exhibits a ~30-fold defect in nuclear egress on average. 466
In a yield assay performed in parallel with the EM nuclear egress study, we found an 467 ~80-fold defect in production of infectious virus. (An independent assay showed a ~30-468 fold defect in production of infectious virus). Thus, the nuclear egress defect appears to 469 account for all but a few-fold of the yield defect. It seems plausible that the modest viral 470 DNA synthesis defects in dividing cells exhibited by Δ97 ((9); Kamil, J.P, data not 471 shown) account for the remaining defect in production of infectious virus in these cells. In quiescent MRC-5 cells, we found that Δ97 exhibited a ~7.5-fold defect in viral 476 DNA synthesis and a ~6-fold defect, on average, in nuclear egress. Aside from the 477 caveats mentioned above, we do not know whether these two effects would be simply 478 multiplicative in their impact on viral yield. Assuming that they would be, these effects 479 do not appear to account for the 100-to 200-fold defect of this mutant in virus yield, 480 especially as the 200-fold defect was observed in an experiment conducted in parallel 481 with the EM experiment assessing nuclear egress. This raises the possibility that there 482 are UL97-dependent steps of viral replication other than DNA synthesis and nuclear 483 egress that are important for production of infectious virus in quiescent MRC-5 cells. 484
Possible candidates for such steps include late events in virus assembly and 485 morphogenesis (4, 5, 35). Interestingly, Δ97-E7 replicated to 6-to 10-fold higher titers 486 than Δ97 in quiescent MRC-5 cells, consistent with rescue of the ~10-fold viral DNA 487 synthesis defect of Δ97 by E7. However, the residual defect in yield of Δ97-E7 in 488 quiescent MRC-5 cells (~20-fold) can be fully explained by its nuclear egress defect (on 489 average ~30-fold). This further raises the possibility that pRb phosphorylation by UL97 490 is important for steps other than DNA synthesis, which are in turn important for 491 production of infectious virus in quiescent MRC-5 cells. Indeed, Prichard et al. have 492 proposed that pRb phosphorylation by UL97 is important to counteract the formation of 493 nuclear aggresomes that are hypothesized to interfere with virus production (16). E7-494 expressing, UL97-null viruses should be valuable for exploring these possibilities. 495
Regardless, our results raise the possibiity that UL97 phosphorylation of just two 496 substrates --pRb and lamin A/C --may account for most of the contribution of this 497 enzyme in promoting the production of infectious HCMV strain AD169 in fibroblasts. 498 500 501 ACKNOWLEDGMENTS 502 503
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